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The analysis of operons likewise reveals similarities and differences in functional systems (Fig. 4 , upper right) that suggest features of the environments. The most discriminating operons tend to be systems for the transport of ions and inorganic components, highlighting their importance for survival and adaptation. With respect to ionic and osmotic homeostasis, for example, the two maritime environments are similarboth show a strong enrichment in operons that contain transporters for organic osmolites and sodium ion exporters coupled to oxidative phosphorylation. The soil sample, on the other hand, has a strong enrichment in operons responsible for active potassium channeling. These biases nicely reflect the relative abundance of these ions in the respective environments: Whereas typical ocean water contains considerably more sodium ions than potassium, the soil sample examined here contained high potassium and low sodium concentrations (13) .
Examination of higher order processes reveals known differences in energy production (e.g., photosynthesis in the oligotrophic waters of the Sargasso Sea and starch and sucrose metabolism in soil) (7) or population density and interspecies communication Eoverrepresentation of conjugation systems, plasmids, and antibiotic biosynthesis in soil (Fig. 4 , lower left)^ (22) . The broad functional COG categories, on the other hand, primarily suggest differences in genome size and phylogenetic composition (13) .
Notably, many uncharacterized genes and processes are among the most overrepresented categories in each sample. This hints at an abundance of previously unknown functional systems, specific to each environment, whose occurrence patterns may offer useful guidance for further, more directed experimental and computational investigations. More extensive sampling in both time and space will reveal which features are broadly distributed within a given environment and which are unique to the places and times sampled here. Nonetheless, this analysis of genes and functional modules in environments reveals expected contrasts, hints at certain nutrition conditions, and points to novel genes and systems contributing to a particular Blife-style[ or environmental interaction.
The predicted metaproteome, based on fragmented sequence data, is sufficient to identify functional fingerprints that can provide insight into the environments from which microbial communities originate. Information derived from extension of the comparative metagenomic analyses performed here could be used to predict features of the sampled environments such as energy sources or even pollution levels. At the same time, the environment-specific distribution of unknown orthologous groups and operons offers exciting avenues for further investigation. Just as the incomplete but informationdense data represented by expressed sequence tags have provided useful insights into various organisms and cell types, EGT-based ecogenomic surveys represent a practical and uniquely informative means for understanding microbial communities and their environments. Harrington, and M. Krupp for assistance with data processing and analysis. These Whole Genome Shotgun projects have been deposited with the DNA Data Bank of Japan, the European Molecular Biology Laboratory (EMBL) Nucleotide Sequence Database, and the GenBank in collaboration (DDBJ/EMBL/GenBank) under the project accessions AAFX00000000 (soil), AAFY00000000 (whale fall 1), AAFZ00000000 (whale fall 2), and AAGA00000000 (whale fall 3). For each project, the version described in this paper is the first version, AAFX01000000, AAFY01000000, AAFZ01000000, and AAGA01000000. The 16S rRNA sequences from the soil and three whale fall samples have been deposited under GenBank accession nos. AY921654 to AY922252. The metagenomic data will also be incorporated into the U.S. Department of Energy Joint Genome Institute Integrated Microbial Genomes system (www.jgi.doe.gov/) to facilitate detailed comparative analysis of the data in the context of all publicly available complete microbial genomes. Jacqueline Lehmann-Che, 3 Stephanie Eyquem, 4 Christophe Himber, 1 Ali Saïb, 3 Olivier Voinnet 1 *
In eukaryotes, 21-to 24-nucleotide-long RNAs engage in sequence-specific interactions that inhibit gene expression by RNA silencing. This process has regulatory roles involving microRNAs and, in plants and insects, it also forms the basis of a defense mechanism directed by small interfering RNAs that derive from replicative or integrated viral genomes. We show that a cellular microRNA effectively restricts the accumulation of the retrovirus primate foamy virus type 1 (PFV-1) in human cells. PFV-1 also encodes a protein, Tas, that suppresses microRNA-directed functions in mammalian cells and displays cross-kingdom antisilencing activities. Therefore, through fortuitous recognition of foreign nucleic acids, cellular microRNAs have direct antiviral effects in addition to their regulatory functions.
In plants and insects, viral double-stranded RNA is processed into small interfering RNAs (siRNAs) by the ribonuclease (RNase) III enzyme Dicer. These siRNAs are incorporated into the RNA-induced silencing complex to target the pathogen_s genome for destruction (1, 2). Plant and insect viruses can counter this defense with silencing suppres-sor proteins, which often have adverse side effects on microRNA (miRNA) functions (3, 4) . (6) . Because RNA silencing suppresses mobilization of endogenous retroviruses in plants, yeast, worms, and flies (7), we reasoned that retrotransposition of mammalian exogenous viruses might also be subject to this process. Therefore, we studied the primate foamy virus type 1 (PFV-1), a complex retrovirus (akin to human immunodeficiency virus) that, in addition to the Gag, Pol, and Env proteins, produces two auxiliary factors, Bet and Tas, from the internal promoter (IP) (Fig.  1A ) (8) .
PFV-1 accumulation was strongly enhanced in 293T cells expressing the P19 silencing suppressor (Fig. 1B) . This suggested that a siRNA and/or miRNA pathway limits PFV-1 replication in human cells, because P19 specifically binds to and inactivates both types of small RNAs (4, 9, 10). Viral sequences spanning the 12-kb-long PFV-1 genome (Fig. 1A) and the resulting constructs (F1 to F11) were cotransfected with PFV-1 into baby hamster kidney (BHK) 21 cells. Any viral-derived siRNA would induce RNA silencing of the corresponding reporter fusions, diagnosed as reduced GFP mRNA accumulation. However, the mRNA levels from those constructs were similar in noninfected and infected cells (Fig.  1C) . Use of a highly sensitive RNase protection assay likewise failed to provide evidence for viral-derived siRNAs (fig. S1 ).
The GFP levels from fusion F11 were disproportionably reduced compared to the accumulation of the F11 mRNA (Fig. 1C) . They were also reduced compared to the GFP levels from constructs F2 and F10. Although a possible result of intrinsic protein instability, the effect was reminiscent of the translational inhibition directed by animal miRNAs (11) . However, it was independent of the presence or absence of PFV-1 (Fig. 1C) , suggesting that any miRNA involvement was likely cellular rather than viral. Using the DIANA-microT algorithm (12), we found a high probability hit (free energy of -21.0 kcal/mol) between the PFV-1 F11 sequence and the human miR-32 ( Fig. 2A) (13) . The predicted miR-32 target sequence was sufficient to promote translation inhibition of the GFP mRNA (Fig. 2B) , unlike a derivative thereof that carried four mutations disrupting annealing of the small RNA. Moreover, translation inhibition by miR-32 was suppressed in P19-expressing cells (fig. S2 ).
The miR-32 target is in open reading frame (ORF) 2, shared by the Bet and EnvBet proteins, and is also within the 3 ¶UTR of all remaining PFV-1 mRNAs (Fig. 2A) . To address the antiviral effect of miR-32, we used antisense locked nucleic acid (LNA) oligonucleotides ( fig. S3 ), which yield highly stable hybrids (14) . In HeLa and BHK-21 cells, the transfected anti-miR-32 LNA prevented translation inhibition by miR-32, whereas a control LNA with antisense sequence of the unrelated miR-23 did not ( fig. S3) . At LNA concentrations of 10 nM, accumulation of PFV-1 mRNAs was higher in the anti-miR-32-treated cells than in the anti-miR-23-treated cells (Fig. 2C) . Use of a luciferasebased assay also indicated that the antimiR-32, unlike the anti-miR-23, almost doubled progeny virus production (Fig. 2D) .
Although these results are consistent with an antiviral effect of miR-32, we could not discard the possibility of an indirect action of anti-miR-32 LNA causing, for instance, ectopic expression of cellular miR-32 targets, which could in turn increase viral fitness. The miR-32 target sequence in PFV-1 was thus modified to contain two synonymous mutations that abolished the miR-32 pairing but preserved the Bet amino acid content (Fig. 2E) . The mRNA levels from the miR-32-resistant virus (PFV-1D32) were three times as high as those from the unmodified virus, consistent with the anti-miR-32 results (Fig. 2, E and C) . Therefore, miR-32 exerts a direct, sequence-specific effect against PFV-1.
Does PFV-1 encode a silencing suppressor to counter the antiviral effect of miR-32? The constitutive presence of miR-32 required that the putative suppressor be synthesized precociously, which is the case of the Tas and Bet proteins (Fig. 2A) . As Bet is dispensable for productive replication, Tas appears the most likely candidate (15) . miR-32-mediated translational inhibition was indeed suppressed in Tas-expressing BHK21 cells (Fig. 3A) . This was not specific for the sequence or activity of miR-32, because Tas, like P19, also suppressed endonucleolytic cleavage of GFP sensors carrying a perfect miR-23 target (Fig. 3B  and fig. S2 ). Probably as a consequence of its suppressor function, Tas promoted the nonspecific overaccumulation of all cellular miRNAs inspected, which we also observed 5 days after PFV-1 infection in BHK21 cells (Fig. 3C) . miRNA overaccumulation is also seen with several plant viral suppressors that interfere with the miRNA pathway (3, 4) .
To validate the silencing suppression activity of Tas in a heterologous system, we used an Arabidopsis line expressing an RNA interference (RNAi) construct targeted against chalcone synthase (CHS), which is responsible for the brown seed-coat pigmentation (4) . This line accumulates CHS siRNAs and, conse- quently, produces pale yellow seeds (Fig.  4A, left) . Transgenic Tas expression restored anthocyanin synthesis (Fig. 4A, right) because of a strong decrease in CHS siRNA levels (Fig. 4B) . Tas-expressing plants also exhibited developmental anomalies, including leaf elongation and serration (Fig. 4C) , reminiscent of those elicited in Arabidopsis by viral suppressors interfering with miRNA functions (3, 4) . As in mammalian cells, Tas enhanced miRNA accumulation (Fig. 4D) , independently of their nature or mode of action, suggesting that it suppresses a fundamental step shared between the miRNA and siRNA pathways that is conserved from plants to mammals.
These results indicate that RNA silencing limits the replication of a mammalian virus, PFV-1, and that a cellular miRNA contributes substantially to this response. As a counterdefense, PFV-1 produces Tas, a broadly effective silencing suppressor. Because all our experiments were conducted with Tasexpressing viruses, because of the essential role of the protein for replication (15) , the strong effect of Tas on siRNA accumulation observed in Arabidopsis could account for our failure to detect siRNAs in mammalian cells ( fig. S1 ). Therefore, we do not yet rule out their implication in the antiviral response reported here.
Our findings with miR-32 and PFV-1 were in fact anticipated in plants by Llave , who pointed out several near-perfect homologies between Arabidopsis small RNAs and viral genomes (16) . The chances of a match between cellular miRNAs and foreign (i.e., viral) RNAs increase proportionally with the size of sampled sequences. The extent to which cellular miRNAs will be selected to target pathogen genomes upon their initial interaction with viruses may vary. Endogenous viruses might effectively coevolve with miRNAs for defensive or developmental purposes (17, 18) , such that viral control might eventually constitute the sole function of some cellular miRNAs. Exogenous viruses with high mutation rates could, on the other hand, rapidly escape this miRNA interference through modification of the small RNA complementary regions (19) .
Our results support the emerging notion that miRNAs might be broadly implicated in viral infection of mammalian cells, with either positive or negative effects on replication (5, 20) . They also indicate that virtually any miRNA has fortuitous antiviral potential, independently of its cellular function. Moreover, because the repertoire of expressed miRNAs likely varies from one cell type to another (11) , this phenomenon could well explain some of the differences in viral permissivity observed between specific tissues.
Note added in proof: Recent findings indicate that a single 8-oligonucleotide seed (small RNA positions 1 to 8 from the 5 ¶ end) is sufficient to confer strong regulation by animals miRNAs. Thus, fortuitous targeting of foreign RNAs by cellular miRNAs could be widespread (21, 22) .
